Background and Purpose Measurements of intimal-medial thickness (IMT) of the carotid artery by B-mode ultrasonography are widely used as markers of atherosclerosis. This report describes empirical features of these measurements to characterize their distribution within arterial wall segments, to explore their potential as study outcome measures, and to examine their links with traditional risk factors for cardiovascular disease.
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Background and Purpose Measurements of intimal-medial thickness (IMT) of the carotid artery by B-mode ultrasonography are widely used as markers of atherosclerosis. This report describes empirical features of these measurements to characterize their distribution within arterial wall segments, to explore their potential as study outcome measures, and to examine their links with traditional risk factors for cardiovascular disease.
Methods Sequential transverse measurements of IMT in the carotid arteries were made in 899 participants from the Asymptomatic Carotid Artery Progression Study (ACAPS) at baseline. Data from 17 intrasegment sites in each of 12 arterial wall segments were used to describe patterns of thickness and visualization and to characterize cross-sectional area, severity, and roughness/irregularity by the intrasegment averages, maxima, and SDs of IMT, respectively. E vidence that the natural progression of atherosclerotic lesions involves several stages of plaque development has been assembled based on direct and indirect examinations of arterial segments. 1 '* Research suggests that a number of processes are involved in the development of atherosclerosis and that the risk factors linked to development may be dependent on the current stage of the lesion. Authors have proposed that atherosclerosis development may follow several etiologies and may be multifaceted.
B-mode ultrasonography provides a noninvasive method of quantifying certain aspects of subclinical arterial wall thickening and atherosclerotic progression in the human carotid arteries. Although hemodynamic and compositional factors related to changes in early lesions are not readily identified, intimal-medial thickness (IMT) and changes in IMT can be reliably quantified. 59 Data are now being assembled from several clinical trials and epidemiological studies that will potentially allow a characterization of the natural history of changes in IMT, including the relation between lesion shape and such changes.
It is therefore important to evaluate the information provided by B-mode ultrasonography in the measurement of local patterns of IMT. This report describes the spatial distribution, spatial correlation, and characteristic patterns found in multiple cross-sectional measurements of IMT within carotid artery segments. Focus is given to measures of disease extent and severity 14 and roughness/irregularity. Data for the analyses are drawn from baseline IMT measurements of participants enrolled in the Asymptomatic Carotid Artery Progression Study (ACAPS), who represent persons with demonstrable but subclinical atherosclerosis based on B-mode imaging. Multivariate analysis methods are used to identify coherent statistical features in the multiple IMT measurements. The relations between these features and several known risk factors for cardiovascular disease are explored.
Subjects and Methods
Baseline ultrasonographic IMT measurements are described from 899 of the participants randomized into ACAPS. Participants ranged from 40 to 79 years of age, had either serum low-density lipoprotein (LDL) cholesterol concentrations of 160 to 189 mg/dL with at most one other coronary risk factor or concentrations of 130 to 159 mg/dL with two or more other risk factors, had serum triglyceride concentrations of 400 mg/dL or less, and had at least one "qualifying" IMT among 12 predefined wall segments of the carotid artery based on B-mode ultrasonography. Qualifying lesions had to be from 1.6 to 3.5 mm if they were in the bifurcation segment of the carotid artery or 1.5 to 3.5 mm if they were in the common or internal segments. 11 Included among the baseline data collected on ACAPS participants were measures of a number of risk factors
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Fra 1. Schematic representation of common, bifurcation, and internal segments of the carotid artery as defined by protocol in the Asymptomatic Carotid Artery Progression Study.
for cardiovascular disease: age, body mass index, smoking history (years smokingxpacks per day), serum high-density lipoprotein (HDL) and LDL cholesterol, serum total cholesterol, serum trigh/cerides, systolic and diastolic blood pressure, sex, and race.
11
IMT measurements were obtained using high-resolution B-mode ultrasonography with the Biosound Phase 2 system, including a high-resolution S-VHS videocassette recorder, a study flow panel, and a personal computer. 6 The center frequency of the broadband ultrasonic pulse was approximately 8 MHz, and the axial resolution was approximately 0.10 mm. Sonographers were centrally trained and carefully monitored. Blinded readings of scans were performed centrally by certified personnel. Measurements were to be obtained within 8-mm segments (17 contiguous sites at 0.5-mm intervals) from the near and far walls of three arterial segments on each side: the near and far walls of the proximal 8 mm of the internal carotid artery, the near and far walls of the carotid bifurcation beginning at the tip of the flow divider and extending 8 mm proximal, and the near and far walls of the arterial segment extending 8 to 16 mm proximal to the tip of the flow divider into the common carotid artery (Fig 1) . In baseline reproducibility analyses, the mean absolute differences between blinded replicate measures of the primary outcome measure of ACAPS, the average of the maxima from the 12 walls, was less than 0.11 mm. 6 For simplicity, serial IMT measurements (ie, measures from successive contiguous sites) will be described in this report in terms of disease and lesions, whereas in reality they are indirect markers of these physiological and anatomic events. Thus, the results, while directly applicable to the B-mode measuring process, may have more circumscribed limits in their applicability to the underlying disease process.
Means of serial IMT measurements were plotted for each of the 17 sites of each of the 12 arterial walls for both the right and left carotid arteries. Separate plots were made for walls with and without qualifying lesions to examine patterns of walls with varying amounts of IMT. Images of some sites did not allow reliable visualization and quantification of IMT; such sites were omitted from analyses. Rates of quantifiable sites were calculated for each of the 12 walls (of 17 possible sites) and individually for each site within the walls. Plots and further analyses were limited to wall segments in which at least 50% of the sites within the wall were quantifiable. Serial correlations among IMT measurements within wall segments were computed; averages of correlations of contiguous sites and sites separated by various numbers of intervening sites were graphically portrayed to describe their pattern of spatial correlation. The average of IMT measurements within a wall segment was chosen as a measure of the local extent of disease. The maximum was chosen as a local measure of disease severity. SDs were used as measures of intrawall roughness/ irregularity. To obtain summary measures across the 12 walls, individual means, maxima, and SDs were pooled for each subject: averages were taken of the means and maxima, and the pooled SD was derived from the square root of the average squared deviations of IMT measured from wall-specific means within each subject.
Correlation coefficients were used to examine pairwise relations among these three characteristics of disease within each wall. To summarize the correlations among these data within each wall, averages, maxima, and SDs of IMT were first z-transformed to a common scale. This produced, for each subject i and wall j , z Av ,(i,j), z^Jii), and z SD (i,j), which were computed by subtracting the mean of the average, maximum, and SD IMT across all participants from each individual's measure and dividing this by the SD of the measure. Principal components analysis (PCA) 15 was then applied to these z scores. This method yielded summary measures-linear combinations-that (1) were statistically independent and (2) accounted for the greatest amount of correlation (R 2 ) among all possible linear combinations. The first principal component, thus, was of the form
where a lt a 2 , and a 3 were chosen so that the variability of individuals along this empirically produced index was maximized. This index served the dual purpose of defining the major axis of linear correlation among these measures and, through the magnitude and sign of the weights a,, a 2 , and a 3 , indicating how individual measures contributed to this most salient source of multivariable correlation. The second principal component PC 2 (i,j)=b,z Avi (i,j)+b 2 z Mu (ij)+b3Z SD (ij) described the strongest multivariable linear correlation that was statistically independent of the first principal component. The principal component scores for each individual were computed by inserting their IMT measures into the above expressions and reflected the relative standing of individuals along the indexes defined by these principal components, ie, the intensity of the underlying relation evident in their IMT measures.
Results
Fig 2 presents the mean IMT measurements from the 17 sites of each of the 12 artery wall segments. Across the cohort, IMT thickness tended to increase distally through the common segment, peak near the distal end of the bifurcation segment, and decrease gradually through the internal segment. Separate curves are shown for "qualifying" (moderate) and "nonqualifying" (minimal) IMT; due to the relatively few qualifying IMTs among the common segments, means at these sites were less stable. While the pattern described above was apparent for walls that did not meet the ACAPS criteria for having qualifying IMT, it was much more pronounced for walls containing thicker (qualifying) IMT. The rates of qualifying IMTs by segment among the 899 participants were 17% and 23% among near and far walls in the common segment, 50% and 72% among near and far walls in the bifurcation segment, and 26% and 40% among near and far walls in the internal segment, respectively. Fig 3 displays the pattern of spatial correlation of IMT thickness by the number of intervening sites. Only data from the left carotid artery are portrayed; data from the right artery had similar patterns. Correlation of IMT between pairs of sites decreased steadily with intervening distance between the sites for each artery wall. The rate of this decrease, however, appeared to taper, suggesting that IMT had some diffuse correlation. Table 1 provides a statistical description of measures of extent, severity, and roughness from the 12 walls. All measures were significantly correlated within each wall segment, with the highest correlations between averages and maxima (average across 12 walls, r=.91), followed by maxima and SDs (average r-.75) and averages and SDs (average r=.47). Also included in Table 1 pooled summary statistics: mean averages, mean maxima, and pooled SDs across 12 walls. The pairwise correlations of the mean average and mean maximum, mean maximum and pooled SD, and mean average and pooled SD were r=.92, r=.72, and r=.48, respectively. Table 2 portrays rates of sites that were quantified by B-mode ultrasound within images from each of the 12 walls. As expected, sites were more frequently quantified within the common and far walls. There were only small differences in the quantification rates of intrawall sites from the left and right arteries. Across all walls, the average correlations between the number of quantified intrawall sites and the mean, maximum, and SD of IMT were -.10, .05, and .19, respectively. When correlations were restricted to walls with at least 50% quantification, these correlations were moderated: -.06, .03, and .10, respectively.
PCA was used to characterize the correlation among measures of extent, severity, and roughness separately for each wall. The first principal component for each wall accounted for more than 74% of the overall variability of the three measures and could be described as an estimate of overall intimal-medial "mass": the means, maxima, and SDs were all positively, and nearly equally, weighted in this component, and thus each contributed nearly equally to defining mass. The second principal components accounted for 15% to 25% of the variability across the 12 walls. These components took the form of rough averages of the means and maxima minus the SDs. Thus, walls with greater principal component scores had greater IMT relative to the amount of roughness/irregularity in IMT than walls with lower second principal component scores (ie, tended to be less rough/irregular given their mass).
Fig 4 provides a representative plot of individual principal component scores (from the left far wall bifurcation). In this figure, individual walls exhibit increasingly more intimal-medial mass from left to right. From top to bottom, individual walls exhibit more roughness/irregularity relative to mass. Three data points have been highlighted to represent different regions of the figure: subject 1, with a low first principal component score and an average second principal component score (ie, close to zero); subject 2, with relatively large first and second principal component scores; and subject 3, with a relatively large first principal component score but a relatively low second principal component score. The serial IMT measurements for these three subjects are plotted in Fig 5. Their average, maximum, and SD of IMT were as follows: subject 1, 0.65, 0.76, and 0.06 mm; subject 2, 3.20, 3.35, and 0.11 mm; and subject 3, 1.47, 3.19, and 1.00 mm.
Subject-wide measures of average means, average maxima, and pooled SDs across all 12 walls were analyzed in the same manner. The first and second principal components were denned by the linear expressions PC,=0.58 z Avg +0.63 z Mu +0.51 z SD PC 2 =0.56z All +0.14z MtI -0.81z SD and accounted for 81% and 18% of the variability in the data, respectively. As with the intrawall IMT measures, the first principal component for the pooled interwall measures was a roughly equally weighted average of the averages, maxima, and SDs. In a similar fashion, the second principal component contrasted a weighted sum of the (pooled) averages and maxima with the SDs.
Several previously identified risk factors for carotid atherosclerosis were examined for their relation with each of the pooled individual measures of IMT and their principal components. Listed in Table 3 are the pairwise correlation coefficients linking age, body mass index, pack-years of smoking, serum HDL cholesterol, serum LDL cholesterol, total serum cholesterol, serum triglycerides, systolic blood pressure, and diastolic blood pressure with each of the measures of IMT. Also included are the mean differences of these measures by sex and race. The pooled average and maximum had a very similar profile of relations with these risk factors. Increasing age, body mass index, pack-years of smoking, and systolic blood pressure; decreasing HDL cholesterol; and male sex were associated with larger average and maximum IMT. The pooled SD was positively associated with increasing age, pack-years of smoking, and systolic blood pressure. In general, the first and second principal components also had similar relations to risk factors, although these were, in general, stronger for the first than the second principal component. Nonwhite participants tended to have greater average IMT than whites but had comparable IMT SDs, which is consistent with a tendency for more diffuse distributions of IMT as reflected by a greater mean second principal component.
Discussion

Distribution of IMT
Atherosclerotic lesions have been reported to occur most frequently at regions with low or oscillating shear stress and sites lateral to flow dividers. 1620 The ACAPS data are consistent with this both among walls and among sites within walls. Mean IMT was thickest at sites just proximal to the tip of the flow divider in the bifurcation and decreased in both directions along the artery from this point. While some of this pattern may possibly be attributed to a tendency for "normal" intima-media to be nonuniform across these sites, the ACAPS data show that this tendency is most pronounced among sites where identifiable thickness is apparent, and thus it can be inferred that the pattern reflects the distribution of lesion-related IMT.
Rates of Quantification
The B-mode image of the far (deeper) arterial wall provides more clearly defined boundaries from which to make precise measurements than the near wall. This is primarily a result of the fact that the leading edges of the ultrasonic pulses returning from the far wall boundaries can be more clearly identified and marked. In contrast, the leading edges of the near wall echoes are often obscured by echoes from adjacent (shallower) tissues. As a consequence, the trailing edges of the echoes, less clearly defined than the leading edges, are identified and measured on the near wall.
The ACAPS protocol called for sonographers to choose interrogation angles that visualized the maximum IMT within a wall segment. Within an image, there was a very small (positive) correlation between the number of sites quantified and the maxima. This provides some indirect evidence that, indeed, the maxima were being quantified; if not, one would expect a greater positive correlation between the number of sites that were quantified and the size of the maximum IMT. Therefore, in combining maxima across walls into a summary statistic (for example, for use as an outcome measure in a clinical trial), it may be assumed that variances of maxima among walls are fairly independent of the number of sites quantified per wall segment. This is not the case for means because their variance is inversely related to the number of sites that are quantified: the variance of a mean is given by the variance of the sum of individual measurements divided by their number. This suggests that combining means among walls into an overall measure of disease extent for an individual might be performed with the greatest statistical efficiency if some weighting was used that placed more emphasis on walls with the greatest number of sites quantified. 21 (Similar approaches have been described for correcting interwall summary measures for nonqualified walls. 22 ) Thus, clinical trials with measurement protocols similar to ACAPS that are designed with outcome measures based on means, rather than maxima, may be more efficient if weighted combinations of means were used. Weighting may be less important for combining maxima among walls. 
Spatial Correlation of IMT
The patterns of spatial correlation among sites were suggestive of IMT having both localized and diffuse components. Contiguous or near-contiguous sites were highly correlated. Significant correlation, however, extended to sites spanning the wall segments, and, indeed, sites from different wall segments showed some positive correlation. the coronary arteries, 25 -26 although some authors, using estimates of correlation that are pooled among diverse coronary sites, have reported little correlation. 27 -28 If the pattern of spatial correlation was highly localized, one might choose the maxima IMT within a wall as the most appropriate measures of local disease. The extended spatial correlation, however, suggests that measures such as the mean or area may provide additional information, with the potential of greater stability and more favorable analytic properties.
Shape Characteristics of IMT
Regardless of one's choice of a summary measure, the correlations and PCA support the view that the mass or extent of disease can be reliably measured. The overriding systematic feature of the patterns of correlation was that the means and maxima were largely describing the same ultrasonographic phenomenon, which we have labeled mass. The SD was also related to mass: a lesion offered the opportunity for a wider variation in IMT values within a segment and was also related to mass. This relation has been noted elsewhere. 29 Thus, it would appear that analyses of the relations between IMT roughness/irregularity and other factors should first control for the amount of IMT present. The second principal component described previously is such a measure, reflecting IMT smoothness/roughness relative to size. The sites in ACAPS that were scored high according to this index appeared to be relatively large, diffuse plaques (ie, they had relatively large averages and maxima and low SDs). Lesions that scored low according to this index had abrupt edges and might have been more localized. It may be useful to explore other measures of relative roughness.
Validity of IMT Measures
The associations of the two principal component measures of IMT with several traditional risk factors for cardiovascular disease indicated their validity as descriptors of disease status. A considerable number of these and other associations with alternative measures of atherosclerosis extent have been described repeatedly. 30 - 37 In addition, Polak et al 29 described a relation between a measure of lesion roughness and the risk of both stroke and transient ischemic attacks; however, once lesion IMT was controlled for, these relations were no longer significant. The ACAPS data indicated that associations with cardiovascular risk factors may have a multidimensional aspect. The two principal components, being statistically independent by definition, described separate empirical IMT phenomena. Yet, many of the same risk factors appeared to be associated with both components. It was not unexpected that cardiovascular risk factors were predictive of IMT mass, ie, the first principal component. Associations with the second principal component were interesting. It served as a measure of local diffuseness of lesions: walls with a large positive second principal component were those with relatively large, smooth lesions. Walls with large negative values tended to have abrupt edges or other features of roughness/irregularity. The results presented above suggest that several traditional risk factors for cardiovascular disease were associated with the presence of large, smooth lesions. This may reflect a relation with a more advanced stage of lesion development An intriguing but perhaps less likely possibility is that lesions with a high degree of roughness relative to and BP, blood pressure. Probability values are in parentheses. mass according to B-mode, eg, a low second principal component score, had a different risk factor profile than more diffuse lesions because of different etiologies or stage-specific etiologies. Analysis of the longitudinal data of such lesions may help to clarify these issues.
